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ABSTRACT Mechanoelectrical transduction in biological cells is generally attributed to tension-sensitive ion channels, but their
mechanisms and physiology remain controversial due to the elusiveness of the channel proteins and potential cytoskeletal
interactions. Our discovery of membrane tension sensitivity in ion channels formed by the protein alamethicin reconstituted into
pure lipid membranes has demonstrated two simple physical mechanisms of cytoskeleton-independent transduction. Single
channel analysis has shown that membrane tension energizes mechanical work for changes of conductance state equal to
tension times the associated increase in membrane area. Results show a -40 A2 increase in pore area and transfer of an 80oA2
polypeptide into the membrane. Both mechanisms may be implicated in mechanical signal transduction by cells.
INTRODUCTION
Mechanically activated (MA) ion channel molecules are
thought to serve universally as mechanoelectrical transduc-
ers for biological systems. Since reports ofMA single chan-
nel recordings by Guharay and Sachs in 1984 MA channels
have been found in a multitude of cells and organisms, their
ubiquity being attributed to a universal requirement for os-
motic and turgor regulation (Gustin et al., 1988; Christensen,
1987). MA channels are implicated in the mechanoelectrical
transduction of numerous sensory stimuli, including the sen-
sation of sound, acceleration, touch, pressure, and gravity
(Corey and Hudspeth, 1979; Howard et al., 1988; Zhou et al.,
1991; Lansman et al., 1987; Olesen et al., 1988). In the case
of sound transduction by specialized cells of the inner ear,
mechanoelectrical transduction by MA channels has been
clearly established (Howard et al., 1988; Denk et al., 1992),
and many properties of the channels have been identified
(Corey and Hudspeth, 1979) in spite of the inaccessibility of
the MA channel complex. However, in other systems con-
troversy continues to build concerning MA channels (Morris
and Horn, 1991a; Gustin, 1991; Sachs et al., 1991; Morris
and Horn, 1991b) largely due to difficulties in identifying
the effective mechanisms. Early studies proposed channel
gating through an unidentified elastic coupling to the cyto-
skeleton implying second order tension dependence
(Guharay and Sachs, 1984). Recent studies of adaptation in
the MA channels of frog oocytes show mechanical sensi-
tivity that does depend on cytoskeletal coupling (Hamill
and McBride, 1992). Such cytoskeleton interactions have
created controversy about MA channel mechanisms and
function and have complicated quantitative study of their
behavior in cells (Ruknudin et al., 1991).
We report here the discovery and single channel recording
analysis of mechanoelectrical transduction ofmembrane ten-
sion by the channel forming polypeptide alamethicin recon-
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stituted into pure lipid membranes in the absence of cyto-
skeletal proteins and the determination of underlying
molecular mechanisms for its mechanical sensitivity (Opsahl
et al., 1990). Partition of the channel protein among its ac-
cessible states in the membrane and the aqueous solution is
modulated by mechanical work driven by membrane tension.
Such changes of partition coefficient between phases com-
prise a mechanism of transduction that is broadly implicated
in biochemical transmembrane signalling.
Alamethicin is a channel forming peptide of 20 amino
acids which is produced as an antibiotic by the fungus
Trichoderma veride. It forms channels on inserting into
membranes by aggregating to form barrel shaped pores
which switch among multiple conductance states (Sansom,
1991). Switching occurs only between adjacent conductance
states with the conductance jumps increasing nearly linearly
with conductance level. Conductance state switching has
been thought to occur through either an enlargement of the
pore size by incorporation of an additional peptide into the
pore-forming annulus as if another stave were added to the
barrel (Baumann and Mueller, 1974; Schwarz et al., 1987)
or by peptide rearrangement within the channel aggregate
(Fox and Richards, 1982; Boheim, Hanke and Jung, 1983;
Hall et al., 1984). Our study of the tension dependence of
alamethicin switching distinguishes between these models
and identifies general physical mechanisms responsible for
MA channel behavior.
THEORY
Signal transduction by ion channels occurs if the stimulus
alters the free energy differences between conductance states
of the channel, thereby shifting the equilibrium statistical
distribution between these states of the active system. In the
case of voltage-gated channels the application of trans-
membrane voltage Vm energizes work Wji = qVm, where q
is the transmembrane charge transfer which accompanies
channel switching from state i into state j. Similarly, the
application of membrane tension t energizes mechanical
work Wji = tAAji for changes of state i -* j that differ in
effective membrane area by AAji = Aj - Ai. The resulting
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change in differences between the state free energies AGji
with change of tension t - to is
AG1i(t) - AGi(t) =- Aji(T dT (1)
to
The equilibrium partition functions express the effect of
membrane tension change t - to on the ratios of occupation
probabilities of each pair Pji = Pj/Pi of states ] and i in terms
of the tension dependence of the free energy changes, with-
out need to know the nontensioned state energies. The result
to first order in t - to is simply
p11(t)=pji(t- t pj(t ) = exp[(t - t0)AAji/kT] (2)
Omitted from Eq. 1 are second order terms of the form
[A4ji(Kj + Ki)/2 + AKji(Aj + Ai)/2](t2 -t)/kT (3)2 ~
where Kj and Ki are the elastic compliances of the system in
states i and j. Elementary estimates indicate that the second
order terms t2AAji(Kj + Ki)/2 and t2AKji(Aj + Ai)/2 are neg-
ligible compared with the large first order terms tAAji, jus-
tifying our approximations except for conditions where the
changes AAji are small (Sachs and Lecar, 1991).
Elementary molecular modeling of alamethicin state
switching distinguishes two possible contributions to the area
changes AAji between conductance states. Conductance
changes between adjacent channel states identify the changes
in the pore area AA'1+i caused by the gain or loss of one
peptide unit from the channel perimeter, independent of any
peripheral, channel associated peptides. Transfer of a mono-
mer with intramembrane cross sectional areaAM between the
channel and the membrane would not contribute directly to
AAi+ 1,i. However maintenance of equilibrium by repartition
of a monomer into the tensioned membrane from its sur-
roundings would entail mechanical work imparting an ad-
ditional tension sensitivity
WM = tAM (4)
Since that equilibration of peptide monomer with the sur-
rounding aqueous solution occurs rapidly compared to mea-
surements of Pji (Schwarz et al., 1987) the area changes add
leading to AAi+1li = AA' + AM so that Eq. 2 becomes
ln[pi±i(t -to)] = (t - t0)AAi±11/kT (5)
= (t - to)(APA 1±i AM)/kT
Therefore measuring the tension dependence of the occu-
pation probability ratios will enable us to measure the total
effective area change of the channel as it switches between
adjacent conductance states.
Although the derivation above assumes for simplicity
that the intramembrane cross-sectional area occupied by a
free monomer in the membrane is the same as that of a
monomer incorporated into the channel aggregate, the re-
assumption necessarily valid. The net work done in trans-
ferring the monomer from the aqueous solution to an ion
channel in the tensioned membrane is dependent only on
the cross-sectional membrane area occupied by the
channel-bound monomer. Thus Eq. 4 is valid regardless of
the pathway taken by the monomer from the aqueous solu-
tion to the channel aggregate.
MATERIALS AND METHODS
Standard patch clamping procedures are used to obtain high resistance (R
2 10 GQl) seals to pure phospolipid membranes at the tip of patch pipettes
(TW150-6; World Precision Instruments, Inc., Sarasota, FL). Bilayer mem-
branes are formed at the tips of patch pipettes using the tip-dip technique
of Coronado and Latorre (1983). The lipid monolayer is formed by adding
5 ,ul of a 10 mg/ml pentane solution of lipids to the bath surface in a 2-ml
petri dish. After allowing 5-10 min for pentane evaporation, a patch pipette
is twice dipped through the surface to form a bilayer across the tip. A solvent
free method is also used in which 25 ,ul of a 40 mg/ml suspension of lipid
vesicles in a 1 M NaCl aqueous solution is added to the 2-ml petri dish
(Hanke et al., 1984). Similar results are obtained with both methods. Lipids
used are dioleoyl phosphatidylethanolamine:dioleoyl phospatidylserine:
cholesterol at a concentration ratio of 3:1:1 (Avanti Polar Lipid, Inc., Pel-
ham, AL). All experiments are conducted at room temperature. Alamethicin
(Sigma Chemical Co., St. Louis, MO) is high-performance liquid
chromatography-purified, retaining the major fraction following the pro-
cedure of Balasubramanian et al. (1981). The major fraction of alamethicin
produced by Sigma is an uncharged polypeptide at pH 7.0, for which mass
spectrometry has shown to have the primary sequence Ac-Aib-Pro-Aib-
Ala-Aib-Ala-Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Gln-Gln-
Phol, where Aib is a-amino isobutyric acid (Archer et al., 1991). Purified
alamethicin is added to the pipette buffer at a concentration of 150 ng/ml,
and channels were nucleated by applying a large voltage Vi> 100 mV across
the lipid membrane. Stable, single channels are obtained by lowering the
voltage to -60 < V, < 30 mV. Under these conditions switching of an
individual alamethicin channel can be observed for several hours.
Voltage clamping and current-to-voltage conversion is done by an EPC-7
amplifier from Medical Systems, Greenvale, NY. The current signal is sent
to a VR-10 pulse code modulator (Instrutech Corp., Mineola, NY) which
filters the data at 37 kHz, digitizes it at a sampling frequency of 94.4 kHz,
and converts the digital signal to video format for storage on a SONY
betamax VCR. The data is played back through the pulse code modulator
where the video formatted data is converted back into an analog signal. The
analog data is filtered using an eight-pole Bessel filter (Frequency Devices)
at 0.8 kHz and digitized by a D/A converter in a Labtech-DMA (Axon
Instruments, Inc., Foster City, CA) at a frequency of 2 kHz with a sampling
time of 500 ,us. The digitized data is analyzed on an IBM-AT using in house
software.
Microscopic measurement of the radius of curvature of the membrane Rm
allows determination of the membrane tension t from transmembrane pres-
sure Ap and t = RAp/2. The hydrostatic pressure difference Ap across the
membrane is controlled by applying suction to the patch pipette. Suction
pressure 0 ' Ap ' 3.0 kPa is stepped at intervals of 30-600 s by a computer-
controlled piezoelectric valve (MaxTeck, Torrance, CA) with a 5-ms rise
time (Denk and Webb, 1992). Average alamethicin conductance increased
to a new equilibrium value within 3 s after the pressure was stepped, in-
dicating that any equilibration of alamethicin between aqueous phase and
the membrane occurred rapidly as expected from previous stopped flow
kinetics measurements (Schwarz et al., 1987). Microscopic measurements
of the membrane radii of curvature Rm are obtained from image analysis of
high contrast images of the membrane profile. Membrane images are ob-
tained by using buffers with different indices of refraction on either side of
the membrane and imaging with Hoffman Modulation Contrast optics which
create contrast based upon index of refraction gradients (Hoffman and
Gross, 1975). The index of refraction gradient is produced by using a pipette
buffer of 1 M NaCl, 5 mM CaCl2, 10 mM 4-morpholinepropanesulfonic acid
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sult of Eq. 4 does not require this assumption, nor is the
Tension-dependent Alamethicin Switching
(MOPS), pH 7.0, and an equiosmotic bath buffer of 0.4 M sucrose, 0.8 M
NaCl, 5 mM CaCl2, 10mM MOPS, pH 7.0. Reversal of the bath and pipette
buffers has no observable effect on channel activity. Images are recorded
with a CCD video camera (Dage-MTI, Inc., Michigan City, IN), processed
as digitized images in an RCI Trapix, edge-enhanced, and the inner 80% of
the membrane arc is fit using a nonlinear least-squared fitting routine. Mem-
branes remained sectors of spheres but not hemispherical during pressure
cycles (Opsahl and Webb, 1994).
RESULTS
Equation 4 provides the basis for determining the molecular
mechanisms of mechanical transduction by ion channels. By
measuring the occupation probability ratios pi+1, (t) of open
channel conductance states, it is possible to obtain the cross-
sectional area changes which are responsible for tension sen-
sitivity in the alamethicin channel. Single channel recordings
determine the probability of finding the channel in each con-
ductance state as a function of membrane tension and thus
provide a quantitative measure of mechanical transduction,
as illustrated in Fig. 1. The total time Ti spent in each con-
ductance state at a fixed membrane tension is found by sum-
ming the occupation times for each conductance level in the
amplitude histograms and the occupation probability ratios
are given by pi+1 i(t) = T1+1(t)/T#(t). Data taken from sepa-
rate patches at various membrane potentials Ve are analyzed
to set an upper limit for the magnitude of the second order
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FIGURE 1 Single channel recordings demonstrating tension dependence
of conductance state occupation probabilities of the alamethicin channel.
Raising the membrane tension from t = 0.5 dyne/cm (A) to t = 6.4 dyne/cm
(B) increases the probability of finding the channel in its higher conductance
states. The multiple conductance levels are designated by horizontal lines
with the lowest open level named state i = 1.
terms. Second order polynomial fits to individual data sets
show that second order terms are equal to zero to within the
standard error of the estimate and are less than 1% of the first
order terms at the highest tensions. The linear dependence of
the data on tension confirms that first order area changes are
responsible for the mechanical sensitivity of the alamethicin
channel, ruling out second order effects such as membrane
thinning or curvature energy (Huang, 1986). Further analysis
reveals no significant dependence of AAji on Ve nor tension-
dependent hysteresis. Therefore all of the data is binned into
values of t - to equal within ± 0.2 dyne/cm, typically in-
cluding 100 min of recording for each tension bin with 102-
103 transitions per level. Precise values of AAi-+-i are ob-
tained from the slope of ln[pi+1,#Q - to)] as plotted versus t
- to in Fig. 2. The values for AAi+1,i are approximately con-
stant to within the experimental errors of ± 10 A2 for each
of the state pairs plotted in Fig. 2, suggesting that AAi+1i =
120 ± 10 A2 for conductance changes between adjacent
states i, i + 1 for i = 1, 2, and 3.
DISCUSSION AND CONCLUSIONS
Measurements of AAi+1,i differentiate between putative
models for alamethicin conductance state switching. Fixed-
aggregate models which invoke internal rearrangement of an
aggregate containing a fixed number of polypeptides predict
no change in protein area within the membrane and limit
AAi+1,i to the increase in pore area AAi'+1 (Fox and Richards,
1982; Hall et al., 1984; Boheim, Hanke and Jung, 1983),
which conductance data limits to 30-50 A2 for states i = 1-3
(Hanke and Boheim, 1980). Alternatively, the barrel-stave
model, which invokes switching between states through ad-
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FIGURE 2 Tension dependence of open channel conductance state oc-
cupation probability ratios ln(pi+1,,) vs. t - to shown with arbitrary ordinate
offsets and slopes d[ln(pi+1,i)]/d[t - to] = AAi+1,JkT for adjacent state pairs
i + 1, i. Best fit values of AAi+1,i from linear least squared fits are given;
the error bars represent the Poisson statistical uncertainties.
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dition of a peptide stave into the pore-forming barrel pe-
rimeter, includes the cross-sectional area of one alamethicin
monomer provided the peptides are free to partition at equi-
librium between the membrane, the aqueous bath, and a
metastable channel forming aggregate (Baumann and Muel-
ler, 1974; Schwarz et al., 1987). The monomer area ofAM
80 A2 (Rizzo et al., 1985) makes the total predicted area
change for the barrel stave model consistent with our ex-
perimental value for AAi+1,i of 120 ± 10 A2. Therefore, two
physical mechanisms are implicated in alamethicin's tension
sensitivity: 1) the change in pore area between conductance
states, and 2) the peptide transfer between membrane and
surrounding phases that accompanies changes of channel
state.
These measurements of mechanoelectrical transduction of
membrane tension by alamethicin channels in pure lipid
membranes demonstrate that membrane tension t directly
energizes mechanical work tAAiA+,,i associated with the
changes ofmembrane area AAi+ 1,i accompanying changes of
conductance state. These simple physical mechanisms for
mediation of mechanosensitivity and mechanoelectrical
transduction by transmembrane channels are thereby estab-
lished as a paradigm for the often controversial phenomenon.
In cells the mechanism of mechanical sensitivity is likely to
be complicated by cytoskeletal coupling (Howard et al.,
1988; Hamill and McBride, 1992; Assad et al., 1989).
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